Review of perioperative activity, including adverse events, throughput and compliance with 'best practice', can theoretically be used to optimise healthcare delivery. Computer-based analysis of electronic patient records could provide a practical means to manage quality improvement. This pilot study examined the effectiveness of such a system in practice.
The auditing of intra-operative anaesthetic incidents is a valuable tool for reducing adverse patient outcomes and improving practice. Traditional techniques for collecting audit data include random casenote review and self-reporting through department audits or formalised incident reporting programs such as the Australian Incident Monitoring Study 1 . These techniques have provided valuable data on problems under anaesthesia but have significant deficiencies. Casenote review of handwritten records is labour intensive, provides a small sampling rate and is vulnerable to omissions, errors and observer bias [2] [3] [4] . Self-reporting provides non-denominator qualitative data and low reporting rates [5] [6] [7] .
Computerised anaesthesia information systems could complement these systems and have the potential to determine the true incidence and pattern of adverse events which produce physiological abnormalities 6, 8, 9 . However, to date there are limited data published on the use of such techniques to measure quality improvement following identification of these adverse events.
The aim of this initial pilot audit was to use the data collected by an electronic patient recordkeeping system in a regional hospital to: 1) identify episodes of clinically significant physiological Simple filtering techniques were used to minimise the inclusion of false positive events created by problems such as loss of electrical signal, probe movement, catheter flushing and electrical interference. The software design allows ready reconfiguration of these criteria.
Panel review process
Following electronic screening to identify potential adverse events, the remaining cases were manually examined to exclude false positive events that the filter process failed to remove. Each electronic anaesthetic record was then reviewed by a panel of four experienced specialist anaesthetists. One senior anaesthetist acted as a non-voting independent mediator at each meeting and facilitated discussion. events related to anaesthesia and 2) determine the feasibility of using electronic analysis as a tool in practice review and quality improvement.
METHODS
The data were taken from a single hospital staffed by resident and visiting full-time anaesthetists over a 17-month period. A total of 25 anaesthetists with a wide range of experience administered general anaesthesia during the study period, with data collected from 3790 consecutive general anaesthetics. Data from every anaesthetic was recorded using the Winchart electronic patient record management system (Medtel, Lane Cove, N.S.W.). Patient details, intra-operative notes, drug and fluid administration and continuous output from monitors were recorded, stored in a relational database and accessed using standard Structured Query Language or third party modules.
Automated detection
For the purposes of this pilot audit, intra-operative physiological events were detected using customwritten software, which queried the data of each patient record for evidence of any of hypotension, hypertension, bradycardia, tachycardia or hypoxia, according to the detection criteria shown in Table 1 . The physiological variables were chosen as being those of greatest potential clinical significance. For this initial audit, definitions of physiological events were based upon previously published definitions [8] [9] [10] [11] [12] and refined by experienced clinicians after an initial review of a small cohort of cases. A frequency distribution for each measure was created from the average value of each measure for each surgical episode during the audit period as a guide to determine the bounds of what constituted 'in practice' accepted limits ( Figure 1 ). Specific anaesthetic data for each case (usually in a graphic 'trend' format) was displayed on an electronic screen dynamically linked to the database using custom-written software, with all data available on request, except the identity of the anaesthetist. The panel was asked to: 1) determine whether the physiological event was sufficient to be considered to be potentially clinically significant; 2) determine, if possible, the primary cause of the adverse event;
3) determine what action, if any, was taken by the anaesthetist to address the situation and 4) evaluate the severity of the physiological event, with each reviewer giving an independent score (mild, moderate or severe). All panel conclusions were reached by consensus, except for 'severity', for which anaesthetists recorded their opinion independently. Severity scores from each event were reviewed by the independent anaesthetist and the final score was allocated by majority score or by arbitration by the independent anaesthetist when all reviewers disagreed. The terms mild, moderate and severe related to the potential clinical risk to the patient.
Following review of all data, feedback was provided to the anaesthetists on the patterns of adverse events. Two consistent adverse event phenomena were highlighted and specific suggestions on clinical practices to potentially address these phenomena were made by the panel. The audit was repeated nine months later.
Data analysis
Chi-squared tests were used to assess and compare the rates of observed and expected adverse event outcomes for both ASA status and patient age. Chisquared tests were also used to examine differences in the incidence of adverse events for colonoscopy and laryngospasm before and after feedback to anaesthetic staff and the implementation of guidelines. Student's t-tests were used to compare pre and post audit maximal desflurane concentrations. A P value of less than 0.05 was considered significant.
RESULTS

Physiological events
From 3790 consecutive general anaesthetics, 215 physiological events were identified by computer screening. Initial manual review by a medical scientist revealed 77 events that were clearly not true physiological changes, leaving 138 events to be reviewed by the panel. Of the 138 electronically detected adverse events, only one had been the subject of weekly departmental audit review. None of the other adverse events had been formally reported to established ongoing incident monitoring programs within the hospital.
The frequency distribution of mean heart rate, systolic blood pressure and oxygen saturation values from all general anaesthetics are shown in Figure 1 .
The overall severity scores for the incidents were as follows: mild (n=71), moderate (n=50) and severe (n=18) ( Table 2 ). The accordance amongst the reviewers was high, with all three reviewers giving the same severity scores for 80 events (58%), FIGURE 2: Adverse events by age. The percentage of patients in each age group suffering an intra-operative adverse event. P values represent comparison between expected number of adverse events, based upon the overall incidence of adverse events and the observed adverse events for each age group. one reviewer's score differing by one grade in 56 events (40%) and all three reviewers providing different severity scores in three cases (2%). As expected, events were wide-ranging in nature but some patterns were evident which are outlined in Table 3 . A positive relationship was seen between both age and ASA status and the incidence of events (Figures 2 and 3 , Table 4 ).
The overall incidence of adverse events was 3.6% or 3.4% for elective procedures, 3% for in-hours emergency procedures and 2% for out-of-hours emergency procedures. One event Combined IV and inhalational anaesthesia dosing 5
Opioid boluses 2
Inadequate IV anaesthesia 1
Physical
Vagal response to surgical manipulation 6
Major blood loss 5
Breathing difficulties due to ascites 1
Coughing 1
Hypotension at induction in response to hypovolaemia 1
Organisational
Vaporiser not turned on 1
Cause and incidence of various intra-operative adverse events seen during the audit period as determined from the intra-operative record. The values shown represent episodes where it was possible to confidently ascribe a specific cause to events. The total number of colonoscopy procedures, general anaesthetic (GA) surgical procedures and the number of adverse events (AEs) in each of those groups. Colonoscopy P values represent the comparison between observed adverse events at each ASA level and expected adverse events based upon the overall incidence of adverse events for that ASA level. P values for all other GA procedures relate to the observed adverse events for each ASA level compared to overall incidence of non-colonoscopy adverse events at all ASA levels.
(0.7%) occurred pre-induction, 43 (31%) during induction and 95 (68%) during maintenance. The incidence of events varied across surgical procedures ( Table 5 ) but, notably, endoscopic procedures, particularly colonoscopies, were the procedures most frequently associated with an event.
Individual variables
Hypotension Hypotension was the most common physiological event indicator and was also associated with the most severe incidents ( Table 2 ). The review panel believed that at least 10 cases of hypotension were the result of drug overdose at induction. In nearly all cases these appeared to be due to the additive effects of intravenous midazolam, intravenous fentanyl or inspired sevoflurane also administered during the induction period, rather than an overdose due to the primary induction agent, propofol, alone.
Hypoxia
The most common causes of hypoxia observed during the audit resulted from apnoea during colonoscopy (n=10), laryngospasm (n=5) and difficult intubation or airway events (n=4).
Bradycardia
Twenty-four episodes of bradycardia (HR 37±4.6 bpm, mean±SD) were seen without associated hypotension, 20 of which were considered mild in severity. However, when bradycardia (HR 39±5.5 bpm, mean±SD) was seen in conjunction with hypotension (systolic BP 72±12.5 mmHg, mean±SD), only four of the eight events were rated as mild in severity ( Table 2) .
Tachycardia
Two of the episodes involving tachycardia reviewed by the panel were attributed to stimulation and light anaesthesia. One case was in response to surgical stimulus at the start of surgery, the other was a difficult intubation in a paralysed patient, which extended beyond the likely effective period of the induction dose.
Hypertension
Two episodes of hypertension were attributed to light anaesthesia and physical stimulation: these cases consisted of a difficult intubation and a propofolsedated colonoscopy.
Specific patterns of case mix
There were some patterns of events that occurred relatively frequently and two of these were the subject of post-audit review. These event types were chosen because they occurred frequently and it was believed they offered scope for simple improvements in patient care.
Colonoscopy
A total of 723 propofol sedated colonoscopies were performed during the audit period: 51 (6.3%) of those resulted in an adverse event, with the most common problems being hypotension (n=22), hypoxia (n=13) and bradycardia (n=5). The incidence of adverse events appeared higher than for general anaesthesia, even accounting for ASA score (Figure 3 ). Many of the colonoscopy adverse events, particularly hypotension and hypoxaemia, were considered to be related to propofol bolus administration.
In the nine months following feedback on these data to the anaesthetists and the creation of 'in-house' colonoscopy guidelines, the incidence of adverse events during colonoscopy procedures was reduced to 2.8% (P <0.005, Figure 4 ).
Laryngospasm and desflurane
During the audit period there were 30 cases involving laryngospasm, with the majority (n=24) occurring during mask anaesthesia (facemask or laryngeal mask). Severe hypoxaemia occurred in six cases. The primary anaesthetic agent in these cases was desflurane 50%, sevoflurane 30% and propofol 20%, while the profile of overall use was sevoflurane 53%, propofol 29% and desflurane 18%. A desflurane-anaesthetised patient was nearly three times more likely (P <0.0001) to suffer a laryngospasm event than a sevoflurane-or propofol-anaesthetised patient. Mask anaesthesia rather than an endotracheal tube was used in The number of adverse events in each surgical category during the audit period. Also shown is the average age (years±SD) of those patients sustaining an adverse event.
59.4% of all desflurane anaesthetics cases, with an average maximal expired desflurane concentration of 6.7±0.7% (mean±SD) during maintenance of mask anaesthesia. In the nine months following feedback of audit data to the anaesthetists, there were 764 desflurane anaesthetics. The overall use of desflurane during mask anaesthesia was reduced to 49.2%, with average maximal expired desflurane concentrations also reduced to 5.2±1.03% (mean±SD, P <0.05). There was a single laryngospasm event during desflurane anaesthesia, representing a tenfold decrease incidence from 1.3% to 0.13% (P <0.0001, Figure 4 ).
DISCUSSION
The percentage of adverse events (3.6%) in the current audit was similar to the 3.8% and the 3.54% reported in two previous studies 13, 14 , but less than the 12.1% reported by Maaløe 15 . In the present study, only events associated with physiological perturbations were examined and therefore represent only a subset of all events. Other methodologies, such as anonymous reporting, are available and complement this process 16, 17 .
Electronic adverse event detection significantly enriched the available quality imrpovement process by providing a set of adverse events that had not been reported as part of on-going voluntarily reporting. The voluntarily reported adverse events, which electronic detection failed to find, had the potential to cause patient harm, but did not result in a change to patient physiological measures sufficient to trigger electronic detection. The reported incidents were mostly organisational and process-based errors, such as wrong drug and patient handling incidents. The difference seen in the two event sets reflects to some degree the nature of the incidents and also those reporting. As seen previously, voluntary reporting was primarily initiated by nursing staff and not clinicians 18, 19 . While the definitions of an adverse event appear to be well understood by all, the two groups appear to have disparity between what are perceived as critical events 20 .
It was notable that the level of systemic blood pressure and heart rate considered acceptable varied considerably (Figure 1 ). Tolerance of hypotension in at-risk patient groups has been reported previously 21 and it is interesting to note the Victorian Consultative Council on Anaesthetic Mortality and Morbidity suggests that a reduction in blood pressure of more than 25%, or a value below 90 to 100 mmHg systolic, is unwise in patients over 65 years or those at risk of cardiovascular disease 22 . It must be acknowledged that a paucity of data on end-organ perfusion or function limits precise estimation of acceptable physiological limits in any given patient.
The two adverse event categories which were the focus of post audit quality improvement and subsequent review showed the utility of the chosen audit process to highlight deficiencies and to provide a meaningful measure of improvement.
Colonoscopies
Problems such as hypotension are well recognised in colonoscopies 23 and are perhaps predictable considering the age, co-morbidities and hydration state of this group of patients. Recognition of the incidence of hypotension and desaturation and identification of means to minimise the risks was clearly an effective strategy in minimising risk. For example, the need for careful titration of drugs based upon age and weight and the use of propofol infusions for maintenance appear important. It must be recognised that potent sedative/hypnotic agents such as propofol can produce significant physiological trespass unless used optimally 24 and that the recognition of the relatively slow onset/offset profile of drugs such as midazolam and propofol risk accidental overdose unless titrated skillfully. Although previous studies using different methodologies and FIGURE 4: Influence of feedback and review on two of the adverse event (AE) categories. The percentage of patients suffering an adverse event during colonoscopy procedures or laryngospasm during desflurane anaesthesia during the audit period is shown on the left. The incidence of both these events for the nine months following review, staff feedback and implementation of guidelines is shown on the right. P values are calculated from chi-squared comparison between expected outcomes, based upon incidence during the audit period and observed rates during the nine months post audit. Absolute values are shown above the bars. event classifications have highlighted the safety of these techniques 25, 26 , the current audit shows that even in the hands of highly skilled full-time anaesthetists, propofol sedation in colonoscopy patients is not without adverse event.
Desflurane and laryngospasm
Desflurane has favourable pharmacokinetic properties such as rapid onset and offset but has the potential to cause airway irritation 27 . This must be considered when selecting of an inhalational agent and when adjusting the inspired concentration. The reduction in the incidence of airway-related events in the post feedback period of this audit may reflect more appropriate choice and use of desflurane during this period.
Confidentiality
While conducting this audit we were aware that when undertaking external reviews of practice, issues of confidentiality, ownership, and constructive feedback are very important if strong engagement in the process by clinicians is to be achieved 28 . Automated removal of the key identifiers of individual clinicians can be achieved to avoid review of, for example, record annotations that may reveal the clinician's identity. Access to record analysis also has the potential to inappropriately criticise individual clinicians and processes to formalise access to any current or future analysis must be put in place. In this pilot audit, data were de-identified and access strictly controlled. The clinicians whose work formed the basis of this audit readily engaged with the audit process; however, this project was developed in a collaborative and non-punitive environment whose goal was not to assign blame but to deliver improvements in practice.
Shortcomings of the study
The definition of an adverse event and identification techniques vary between nearly all studies and is, to a degree, subjective. In fact, there is no standardised classification of an adverse event 29 . The clinical relevance of a heart rate of 45 bpm in an otherwise healthy, normotensive, younger patient, during a procedure considered low risk for precipitating bradycardia, may be very different from the same rate in an elderly patient during inguinal hernia repair. Although this degree of analysis was not undertaken in this initial audit, the severity score assigned by the panel of experienced specialist anaesthetists was an attempt to indicate the clinical significance of the event particular to the case-specific situation. For instance, it can be seen that bradycardia events were generally considered of lesser severity unless associated with concomitant hypotension ( Table 2) .
It is not known how the intra-operative adverse events seen in this audit affected outcomes, as outcome measures are difficult to collect and interpret. Nevertheless, the relationship between minor or 'undesirable' adverse events and critical adverse events has been previously well established 13 and it is a reasonable assumption that improved intraoperative practices will translate into improved outcomes.
A small hospital was the focus of the current study and some of the events seen may be unique to a local patient demographic or the limited casemix. An audit of a larger hospital with a much larger anaesthetic workforce and a differing case-mix is currently underway using methods developed in this study.
Future directions
It is impractical to manually review all anaesthetic records, either electronic or paper-based. Semiautomated identification of possible adverse events, using predetermined and configurable criteria ( Table 1) , provides one means of filtering the records. While this initial audit has contributed to the 'proof of concept', further work needs to be undertaken to identify criteria settings to optimise detection sensitivity and specificity. This requires a comparison with all cases of physiological trespass identified through manual examination of all electronic records.
CONCLUSIONS
We have demonstrated that an electronic record-keeping system can be an effective quality improvement tool and we recommend the use of such systems to enhance other quality improvement tools such as incident-reporting systems.
